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Hydrodynamic Calculations of 20-TeV Beam Interactions with the SSC Beam Dump
D. C. Wilson, C. A, Wingate, J.C. Goldstein, and R.P. Godwin
Los Alamos National Laboratory, Los Alamos, New Mexico, 87545
and N.V. Mokhov
Superconducting Super Collider Laboratory, 2550 Beckleymead Ave., Suite 125, Dallas, Texas, 75237-3946

Abstract

The 300us, 400 MJ SSC proton beam must be contained
when extracted to the external beam dump. The current design
for the SSC beam dump can tolerate the heat load produced if
the beam is deflected into a raster scan over the face of the
dump. If the high frequency deflecting magnet were to fail, the
beam would scan a single strip across the dump face resulting in
Ligher local energy deposition. This could vaporize some mate-
rial and lead to high pressures.

Since the beamn duration is comparable to the characteristic
time of expected hydrodynamic motions, we have combined the
static encrgy deposition capability of the MARS computer code
with the two- and three-dimensional hydrodynamics of the
MESA and SPHINX codes. EOS data suggest an energy depo-
sition theshold of 15 kJ/g, betow which hydrodynamic effects
are minimal. Above this our 2 culculations show a hole boring
rate of 7 cm/ps for the nominal beam, and pressures of a few
kbar. Scanning the nominal beam faster than 0.08 cnv/ps should
minimize hydrodynamic effects. 3D ~alculations support this.

I INTRODUCTION

‘Two- and tree-dimensional hydrodynamic caleulations
using very high enerpy (e V) particle deposition are required to
understand the behavior of the SSC beam dump under abnormal
beam aborts. The dump is currently designea as an 800 ¢m
tong, 160 cm square rectangolar block of pressed graphite. The
20 TeV beam enters the dump about once aday through a 0.2cm
thick titinium window. The other fuces are contined by an aly-
minmn cooling vessel For simplicity, our modeling approxi-
mated thus structure as a graphite block. Normally the beam
spot will be raster scanned across the beam dump face, keeping
the temperature of the dump below 130GK 1 the scanning mag-
nets fail, a worst case seenano allows the beam spot to remain
at asingle location. A more realistic case has some lincar spot
motion across the Gace, due o the droop of the kicker smagnet
ikl

We consider a limited set of beam characteristics: 20 TeV
protons delivered in 290 microseconds at two fluences,

4 5x10° and Lox 10" protons/s. The fistis the nontinal S8C
desipn, the second, o lipher vilue we used o explore scahing
eftevts, The SSC upprade design has an intermedate fluence 3
times the nominal Because of the Tong distanee from the Kickes
mapnet w the dump, the standiard devistion of the beam's trans
verse Caussian profile hias expanded 10 0 2 em

Prelminmy 2 D hydiodymame calenlations with mocked
encigy depositons led us o expect that e 400 M1 (enerpy
equivalent to 100 kp of TN, could hiave explosive conse
quetices The small spot size conld also Tead o bonnp a hiole
througdi sohd mzdcrial i the beam path 1o study these phe
nomena and to pide mechanical destpas for controlhing these
cllects, we soupht to cecite a 3D Lydiodyiamie code wineh

correctly modeled energy deposition. We chose the MARS!
energy deposition code and both the Eulerian MESA? and
Lagrangian spiINX? hydrodynamics codes.
II.COMPUTER CODES

A MESA

MESA is a two- and three-dimensional Eulerian hydro-
dynamics code®. While originally developed for simulating
the interactions of military projectiles with armor, it is casily
adapted to other hydrodynamic applications. A variety of
analytical and tabular equation-of-state, material strength,
and fracture models is available 1o complement the hydrody-
namics. The numerical hydrodynamics is divided into two
phases. The first phase is Lagrangian; the second is an Fule-
rian advection. The Lagrangian phase is subcycled for
increased computational efficiency. ‘The Youngs interface
reconstruction®, which assures that materials are advected in
the correct order, is a powerful feature of MESA. Tt mini-
mizes the pumerical diftusion characteristic of Eulerian
codes. This interface treatment allows fewer computational
cells 1o be used for the same numerical accuracy than carlier
codes because ithandles the mixed material cells at matenal
interfaces so effecuvely. This feature is particularly unportant
in 3-D simulations with relatively coarse meshes.

L. SPHINX

Smooth Particle Hydrodynamics (SPTD is i godless
Lagrangian computational technigue in which “paracles”
represent mathematical ponts at which the fluid properties
are known. SPPH was tirst derived by Luey* as a Monte Carlo
approach (o solving the hydrodynamic time evolution eqgua
tons. Later it was reformulated in terms of interpolation the
ory, which was shown to better estimate the error sealng ol
the techmque. Gradients thad appear in the fiond equanons ar
obtained via analytic diffeeentiation of smooth interpolated
functions. or kernels. Fach kemel is a sphencally symmetne
function centered ar the particle location and geaerally resem
bling a Gaosstan i shape, The imterpelanon is accomphshied
by summming cach equation or variable at any location oven
neithy known values at particle focations, cach werphted by
s own ketnel weighting tunction By approprately modity
g the notmsadizatnon condiion, the same code can easily
switch between 1D, 2D, and 30, sphencal or eylindoeal con
fipurabons The computer code SPHINX s our anplemenia
tion ot SI'H

C MARN

MARS! 1sa Monte Canlo propram fornciusive sunba
ton ot three dimensonal hadronte and elects anapnei cas
cades in matter and of muon transport m tadianon shicldinge,
aeceleatorand detector compaonents atencrpies up o a0 eV



It atlows fast cascade simulation with modest memory require-
ments, providing the availability of complex geometries with
composite materials, presence of magnetic fields, and a variety
of scoring possibilities. To construct a cascade trec only a fixed
number of particles frem each vertex is chosen (four in
MARS12), and in the simplest case each carries & statistical
weight which is equal to the pantial mean multiplicity of the
particular event. Energy and momentum are conserved on the
average over a number of collisions.

MARS is well suited for use with a 3-I hydrodynamics
code. It was easily modified to allow arbitrary material densi-
tics, and runs quickly (five minutes of one CRAY YMP proces-
sor can give a meaningful calculation). Since MARS may be
called hundreds of times in a calculation, speed was crucial.
However MARS only needs be cabled by the hydrodynamic
code when the distribution of mass has changed enough to
change the encrgy deposition calculation. This time between
MARS calculations we estimated as 0.2 times the beam spol
radius (U 6) divided by the maximum radial velocity inthe
deposition region. This time step control allowed us 1o reduce
by facte s of 2 to 10 the time spent in MARS calculations.
Nevertheless an unoptimized 2D MESA/MARS calculation at
nominal fluence required 12 CRAY YMP cpu hours to reach a
time of 150 ps.

D Equation of Ntate

In ordcer to perform hydrodynamice caleulations we reguire
the dependence of pressure and speciiic internal enerpy on i
material’s wempeeture and density. The Sesune Eqguation-of -
Stare (1OS) Library is a standardized, computer-based hbrary
which contains tables of thermodynamic propetties for a wide
tange of materials over a wide range of physical regions (from
ambicnt to astrophysical condisons). The library currently
contuns data tor about 15O matenialy, inclnding simple ¢le-
ments, compounds, metals, minerals, polyimers, mixtures, ete
However for the e dump apphicition a new equation of
state had 1o be created tor compressed, porous, powdered
graphine. An FOS for full density praphite was created using
data fromn shock measurements at 1 948 g/.'m‘. ameltiempers
ture of 530K, and a vapor pressure of O0TGR e 4800K
These pave a catical temperature of 820K, critical pressure of
204 Gy, and acritical density of 10O plem’ A thiedholl
crush pressure of 00 GEPa s assumed with o himear tampon
pressune as the porous praphite of density 171 ;',/un‘ i
coshed up o the 220 r»’cm‘ tull deesity of praphite

The tesalting TOS displayed ananportant charactenisgie
Helow aspecibico enctpy oi 1010 15 KEp, the pressune teminmed
very low Aboave this thieshold the pressare tapndly ncreased
o values above T GEa (HOKban Ths speatie mtemal enerpy
cotresponds rouphly o that necded fon el and evapotation
Above this encrpy deposation tieshold sobstantial hydiody
e cttects will oceur

HE 2D CALCULATIONS

Although we nftimately desue a3 D caleulational sbality,
we peformed D D calculidons to et the codes and stody the
conseguences ol the beatorenimmimy stationary on the domp
face Wit the MESA/RTARS code we modeled the beam dump

as a 800 cm long, 4 cm radius graphite cylinder. We studied
two beam fluences, 4.5xl()17(]7igs. 1,2,3) and 1.0x10" pro-
tons/s with 0,= o,= 0.2 cm. Figure 1 shows the temperature
along the beam axis at 20, 60, and 150 ps. The curve at 20 ps
shows the temperature rise from encrgy deposition in static,
homogeneous material. Material at the peak energy deposition,
210 cm, has just vaporized. By 60 ps vaporization extends
from 90 to 50X cm; by 150 ps to the end of the dump. Figure 2
at 60 ps shows why. Density on axis has been reduced atlowing
the beam o propagate farther into the dump. Figure 3 shows
the pressure causing this expansion away from the beam axis,
Peak pressures of 1 1o 2 kbar are present not only at this time,
but throughout the problem. Figure 4 shows the dessity varia-
tion with radiys and length at 2C ps in a SPHINX/MARS cal-
cukation of a 2 cm radius cylinder at high fluence. The wardrop
shape to the low density hole is quatitati vely similar to the
MESA/MARS calculation. Because SPHINX had not incorpo-
rated the Sesame FOS, results differ quantitatively, Tempera-
ture 1s approximately uniform within the low density region,
the pressure somewhat less so. The MESA/MARS caleulation
at the nominal intensity gives emperatures of about 4500 K
and pressures of 1-2 kbar, Alihough some of the graphite has
been vapornized, the dump might be designed (o contain these
pressures. At the high ttuence the temperatures are about HHOO
K and peak pressures, 30-35 kbar, The existence of a0 1OS
threshold suggested we should et hile motion bef - 1Spsan
the nominal case and 0.7 pis for the high fluence, This was
observed in the caleulaiions.

These caleulations show the SSC beam fint depositing s
enerpy into cold material, which as it evaporates creates pres-
sures openng an axtal density hole which expands ontward
Because the density i low on axis, the boam penetrates tarther
into the dumip, beatinge new maternial, and boring i hole throuph
the dump. At the siotmanal fluence the penctration rate s abont
T em/ps, athigh floence, 70 cm/ps. Siee the Beam stokes the
dump for 200 microseconds, these rates are unaceeptable

IV LD CALCULATIONS

The beinas not planned to dwell i one spot, dut rather o
pedfortn a raster scon across the dumip e By moving the
beam deposttion mito fresh, cold matenal, the deposinon m any
one location shonld be below the threshold for hydrodynme
clfects By ntegiating the Laterad distnibution of beam enctpy
deposition over nadas at the position of peak deposition and
applymy the hydiodynamie threshold, we obtun a nimmun
scantung speed Helow this speed hydiodynanne etects ocens
Fotour nonnal S5 besan on praphite thas speed s 0 08 oy
Jos, o faph Nuence, U7 cndpes

Sotar we have pertformed only one calculinon, with
SPHINX, to test theee dimensional eltects Fapure S showe
denstty after 2O ps with the beam (o, gy 00 con sweepng
i the 7 duecnon st O Tem /pes o O 4o cnat haph floence
Cwell below the mamapnn o scanmny speedy The domp s oo
Lated by apeaphte evhade: 2O cne s idios and 400 conlony
As expected the beam creates o hole between 120 el 300 ¢m
andat avinmetcal expanson femperatures are reduced by
tactor ot O /5 compated 1o the non moving beam caloubation
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Figure 3 Axial Pressure from 2D MESA at nominal fluence
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Figure 4 Density from 2D SPHINX at high tluence
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